Two-dimensional axisymmetric simulations for counterflow nonpremixed methaneair flames were undertaken as an attempt to reproduce the experimentally observed electro-hydrodynamic effect, also known as the ionic wind effect, on flames. Incompressible fluid dynamic solver was implemented with a skeletal chemical kinetic mechanism and transport property evaluations. The simulation successfully reproduced the key characteristics of the flames subjected to DC bias voltages at different intensity and polarity. Most notably, the simulation predicted the flame positions and showed good qualitative agreement with experimental data for the current-voltage curve. The flame response to the electric field with positive and negative polarity exhibited qualitatively different characteristics. In the negative polarity of the configuration considered, a non-monotonic variation of the current with the voltage was observed along with the existence of an unstable regime at an intermediate voltage level. With positive polarity, a typical monotonic current-voltage curve was obtained. This behavior was attributed to the asymmetry in the distribution of the positive and negative ions resulting from ionization processes. The present study demonstrated that the mathematical and computational models for the ion chemistry, transport, and fluid dynamics were able to describe the key processes responsible for the flame-electric field interaction.
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Introduction
High temperature reaction zones in flames not only generate intermediate radicals, but also a finite level of electrically charged species by the inherent chemi-ionization processes [1] . These charged molecules may impart additional effects on the aerodynamic and chemical characteristics of the flames in the presence of an external electric field. As such, for decades there have been attempts to utilize an imposed electric field to improve combustion performance in practical devices [2, 3] . Applications include the enhancement of flame stabilization in laminar and turbulent burners [4, 5, 6, 7, 8, 9] and the reduction of soot formation [10, 11, 12] . While these studies provided evidence that electric fields do affect flames and combustion, the detailed underlying physical and chemical mechanisms are not understood clearly.
One of the most plausible explanations is the electro-hydrodynamic effect, also called the ionic wind effect, which refers to the generation of a body force due to the collision of charged particles with the surrounding neutral molecules, altering the convective transport in the bulk gases. Many studies reported the effects of the electrohydrodynamic forces on increasing the burning velocity [13, 14] , on modifying the characteristics of the laminar bunsen flames [9, 15] , and on extending the stabilization limits of the nonpremixed jet flames subjected to an electric field oriented in the streamwise direction [5, 16, 17] . The subject has been extensively discussed by Lawton and Weinberg [2] and Fialkov [3] , providing qualitative physical understanding of the process. However, further investigations are needed in order to understand the effect of the polarity of the applied electric field and the roles played by different types of charged species [18, 19] . Moreover, the effects brought by the electro-hydrodynamic force are most likely specific to the configuration, depending on the placement of the electrodes, flame location and orientation with respect to the electric field and flow rates. It is generally understood that ionic wind blows only in the same direction of the positive ions, i.e. toward the lower potential electrode (cathode) [20, 21] . However, other recent studies [19, 22] have reported that, under certain mixture and electric field conditions, ionic wind may be directed to both cathode and anode directions. To understand these complex interactions, high fidelity numerical models are needed to predict the behavior quantitatively.
Numerical simulations of flames in response to electro-hydrodynamic forces have been studied in the past decades [17, 18, 23, 24] . The determination of the induced electro-hydrodynamic force requires information on the spatial distribution of electrons and ions. Therefore, the model must accurately predict both the production rates and transport coefficients of all relevant charged species. Validation of models is challenging as the quantitative measurements of ion concentrations are difficult and reliable quantitative experimental data is scarce, thus leading to uncertainties in the simulation results and their interpretations.
Despite the many challenges, significant progress has been made recently through the improvements in the ionization kinetics in methane flames [25, 26, 27, 28] and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t molecular transport [29] . The authors' group have also contributed with an improved chemical kinetic mechanism [28] and transport properties [30, 31] , demonstrating the ability to predict the current-voltage curves in premixed burner-stabilized flames [25, 26] . Based on the advanced chemical description of key chemi-ionization processes, the present study undertakes two-dimensional simulations of non-premixed counterflow laminar methane-air flames under a DC electric field in order to reproduce the observations made in a recent experimental study [19] , where measurements of the flame positions and current densities are available for various applied voltages, allowing a systematic validation of the model predictions. Simulations with AC electric fields were not considered in the present work since no experimental data for the same configuration is available. While the counterflow flame configuration has been commonly analyzed with an one-dimensional formulation [32] , the complex coupling between the electric fields and chemi-ionization processes suggested that a more realistic multi-dimensional description is necessary.
In the following, the mathematical formulations and model description for the ion chemistry and transport are presented. Next, problem configuration with basic parametric conditions along with the numerical procedure are described. Comparisons between numerical simulation results and experimental data for the flame positions and current-voltage curve are then shown. Finally, a detailed analysis of the spatial distribution of charges, electro-hydrodynamic force and flow velocity is presented to explain the observed behavior of the flame under a bias voltage. Conclusions are discussed in Section 6. The reaction mechanism is provided as Supplementary Material.
Physical model

Governing equations
The equations describing the action of an electric field on a weakly ionized gas, such as a flame, are different in the thermal and non-thermal regimes. As a criterion to distinguish those two regimes, the reduced electric field E/N is often used, where N is the number density of the gas mixture and E is the electric field strength. A previous analysis of non-thermal charges in methane-air flames suggests that electrons and ions are in thermal equilibrium with the background neutral combustion gases for reduced electric field strengths up to 140 Td [33, 34] . Since E/N is much lower than this threshold in the configurations considered in the present work (E/N ≈ 10 Td [19] ), charges are assumed to remain in the thermal regime.
Modeling of a flame subjected to a weak bias voltage is governed by the conservation equations for reacting flows in the presence of electro-hydrodynamic forces. This involves the conservation of mass, momentum, total energy and species densities, respectively, written as [35] : 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
The above set of equations solve for the density ρ, the velocity vector U, the total energy E and the mass fractions Y k of N reacting species (both neutral and charged). t is time, p is pressure calculated by the equation of state and q is the heat flux calculated from Fourier's law. τ and I are the viscous stress and identity tensors, respectively. W k , V k , ω k and h k are the molar mass, the diffusion velocity, the molar source term, and the enthalpy of formation of species k, respectively. f k is the volume force acting on species k.
Under the assumption that the density gradients in the charged particle density are negligible, the electro-hydrodynamic force per unit volume is written as [2, 36, 37] :
where q k and n k are the charge number and the number density of charged species k, respectively. e = 1.602 × 10 19 C is the elementary charge and E is the electric field vector defined by the Gauss law as:
where V is the electric potential and ǫ 0 = 8.854×10 −12 F·m −1 is the vacuum permittivity. The electric force term appears in the equations of momentum and energy, but its contributions in the total energy conservation equation was found to be negligible [17, 18] .
The species diffusion velocity V k depends on the charge of the particles. For neutral species, the diffusion velocity was expressed by Fick's law [35, 38] . For charged species, an additional mass flux, namely the drift flux due to the electric mobility, µ k , is included:
where X k and D k are the mole fraction and the diffusion coefficient of species k, respectively. W is the mixture molar mass.
Transport properties
The diffusion coefficients of neutral species were approximated by using the unity Lewis number assumption, so that the diffusion coefficient D k is set equal to the thermal diffusion coefficient D th = λ/ρc p where λ is the thermal conductivity and c p is the specific heat of the mixture [35] . This approximation was validated by comparing to A c c e p t e d M a n u s c r i p t detailed one-dimensional simulations with detailed transport properties. The use of the unity Lewis number assumption for the ion transport properties may degrade the accuracy of the calculations of the electro-hydrodynamic force, because it does not take into account the long range potential induced by the charge of ions [30] . Therefore, the ion mobilities and diffusivities were determined using the mixture-average rules with interaction potentials, which are appropriate for collisions involving charged species. The (n,6,4) [39] and Coulomb [40] interaction potentials were used to describe ionneutral and ion-charge interactions, respectively. The details of the calculation method of ion transport coefficients are provided in Refs. [30, 34] . The ion transport model was found to reproduce the current-voltage curves reasonably well in flat burner-stabilized flames [28, 41] .
Electron transport coefficients were computed as a function of temperature and mixture composition by adopting the methodology by Bisetti and El-Morsli [31] . The method uses cross-section data for collisions between electrons and the most abundant neutral species in a reactive mixture and combustion products. The cross-sections were taken from the LXcat repository [42] . The variation of mobility with the reduced electric field was not taken into account since the electrons are thermal.
Chemical kinetic mechanism
In Ref. [28] , a detailed reaction mechanism involving 326 species and 1898 reactions to describe the chemistry of ions in flames was developed and validated. The model coupled the detailed neutral AramcoMech 1.4 mechanism [43, 44] , which was optimized to improve the prediction of the CH concentration, with an updated ion chemistry mechanism [29] . Rate parameters of ion reactions and thermodynamic data of charged species have been updated based on the most recent data [45, 46] . The optimization of CH chemistry was motivated by the important role of CH in the production of charges in flames through chemi-ionization reactions [1, 28, 47] . The model has been demonstrated to yield good quantitative agreement with experimental data for the electric current measured from atmospheric-pressure, premixed, burner-stabilized methane-air flames [26] .
However, integrating such a detailed model into multi-dimensional numerical simulations incurs a significant computational cost, especially considering that the electron drift velocity v e d = µ e E demands an extremely small time step [18] . For the present study, a simplified approach was adopted to combine a skeletal mechanism capable of predicting major neutral species and the fundamental properties of combustion in methane-air flames with the main ionization mechanism in the detailed model in Ref. [28] . A skeletal mechanism consists of far fewer species than a detailed mechanism, leading to significant savings in terms of memory and computational time. Only ions and reactions most important for the quantitative prediction of the electric currents were retained. The H 3 O + ion was considered as the sole carrier of positive charge, while the negative charge was represented by electrons and 5 negative ions ). The proposed strategy led to a significantly reduced reaction mechanism with 25 species and 76 reactions, without loss of fidelity that can be obtained with the detailed model in Ref. [28] . The detailed description of the simplified chemistry model along with its validation against the detailed model are given in the Supplementary Material.
Boundary conditions of charged species at electrodes
The boundary conditions proposed in Ref. [17] were adopted for the charged species. The treatment of the charged species at the electrodes assumes that the drift flux of positive ions is directed toward the cathode (negative pole) and is zero at the anode (positive pole), while the drift fluxes of electrons and negative ions are zero at the cathode and are directed toward the anode [48] . Based on these principles, the mass fractions of negative (positive) charges are set to zero at the cathode (anode) and their gradients are set to zero at the anode (cathode).
Configuration and numerical procedure
The experimental configuration in Ref. [19] consisted of a non-premixed counterflow flame between two nozzles. It was modeled by a two-dimensional axisymmetric computational domain as shown in Fig. 1 . Near the central axis, methane-nitrogen and oxygen-nitrogen mixtures were supplied from the bottom and top nozzles at a diameter of 1 cm, respectively, creating a nearly planar nonpremixed flame between the two nozzles. The opposed nozzles were surrounded by co-flowing nitrogen jets through the outer nozzles with a diameter of 2 cm, in order to isolate the flame from the ambient air. Both the core stream of reactants and the inert coflow were at the velocity of 20 cm/s, temperature of 300 K, and atmospheric pressure. The distance between two opposing
High-voltage electrode
Ground electrode Figure 1 . Schematic of the computational geometry inspired by the experimental setup in Ref. [19] . Bold labels inside circles (numbers from 1 to 8) correspond to the problem's boundary conditions listed in table 1. x and r represent axial and radial coordinates, respectively. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t nozzles, L, was 1 cm. Two mesh electrodes, each at 8 cm in diameter were located at the nozzle exits. The electrodes were oriented so that their surface is normal to the nozzle axis. The electric field was established by applying a positive or negative DC voltage difference ∆V 0 to the lower electrode, while the upper one was grounded. While various fuels were tested in Ref. [19] , for the present numerical simulations only the cases with methane fuel were considered as the employed reaction mechanism involves the ion chemistry validated for methane flames [29, 49, 50, 51] .
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Modeling of a non-premixed flame between two opposing nozzles in an axisymmetric flow is generally reduced to a one-dimensional problem [32, 52] . However, the standard one-dimensional formulation cannot include an axial body force since the axial velocity is obtained from the radial momentum equation. Therefore, to obtain ionic wind in simulations, it was considered that at least a two-dimensional domain is necessary. For computational cost consideration, a two-dimensional geometry was found to be adequate to reproduce the key experimental observations. As such, the present model rules out predicting more complex three-dimensional effects associated with the flow entrainment, as observed in some experimental studies [21, 22] .
Note that, as the radial extent of the electrodes in the configuration studied here is sufficiently large compared to the separation distance (see Fig. 1 ), the drift fluxes in the axial direction and the associated electro-hydrodynamic forces are much more significant than those induced in the radial direction.
The configuration shown in Fig. 1 was simulated by using the reactingFoam solver of the OpenFOAM software [53] modified for the task. Several modifications were implemented in order to describe the electric field effects. Most notably, the electric force (Eq. 5) was added to the momentum equation and the mass flux in the transport equations for charged species was modified to include the drift diffusion flux. The electric potential and strength were added as additional variables and their distributions were determined by the Gauss law. The methodology to compute the ion and electron transport properties was also implemented. The solver files are uploaded as Supplementary material. The set of Navier-Stokes equations (Eqs. 1 to 3) along with species transport equations (Eq. 4) and the Poisson equation for the electric potential (Eq. 6) were solved to satisfy the boundary conditions shown in Table 1 . Standard linear Gaussian finite volume integration was adopted for the spatial derivatives with first order implicit time integration [54] .
The grid dependence of the solutions was assessed by considering two cell sizes, δ = 50 and 100 µm. The two cases of resolution showed negligible differences on the flame characteristics, in terms of the axial position and current density. Therefore, δ = 100 µm was adopted in all subsequent simulations, which resulted in 100 and 400 cells in the axial and radial directions, respectively. The simulations presented in this work were carried out on 384 CPU-cores with time step of 5 ns on average, costing typically 0.1 M core-hours per simulation for a given applied voltage.
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Neutral species Table 1 . Boundary conditions corresponding to the computational domain in Fig. 1 . u and v are the radial and axial components of velocity, respectively. The + andsubscripts denote positive and negative charged species, respectively.
Y O,0 represent mass fractions of methane and oxygen in the fuel and oxidizer streams, respectively. The mass fractions of methane, oxygen and nitrogen at the boundaries as well as those for the other neutral and charged species are listed in Table 1 . With the nitrogen dilution, the flame is positioned in the center near the stagnation plane [55] , allowing a low velocity environment near the reaction zone suitable for observing electro-hydrodynamic force effects.
As for the computational procedure, the simulation was first carried out without the application of an electric field. The obtained flame stabilized at a certain location, which is considered the baseline axial position. The flame position is defined as the axial coordinate of peak heat release rate at the centerline. Thereafter, voltages at increasing strength and different polarities were applied, and the resulting flame response was monitored.
Detailed experimental data on flame axial locations and electric current densities for various negative voltages are available in Ref. [19] , which were used for comparison. Subsequently, the computational study was further extended to consider positive voltages in order to obtain a more comprehensive picture on the effects of electric fields on flames.
Model evaluation
Flame position behavior
To assess the fidelity of the model, the flame positions obtained from the present numerical simulations for various negative voltages are compared to measured data in Fig. 2 . When the absolute value of the applied potential difference was smaller than a threshold value, no noticeable change in flame position was observed. The voltage bias necessary to produce visible effects on the flame position was around 1 kV, which is in good agreement with the experiment. As the potential difference approached 1 kV, the flame first moved and settled closer to the anode. Subsequently, as the voltage was increased further, an unstable regime was observed such that the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Flame axial locations for various negative voltages compared to experimental values [19] .
flame fluctuated radially and axially without reaching a steady position (see a movie in the Supplementary Material). A similar oscillatory behavior was also observed at the transition to saturation under certain flow conditions in a coflowing non-premixed methane/air flame [56] .
After the end of the unstable regime (∆V 0 = −1.14 kV in the simulation and ∆V 0 = −1.26 kV in the experiment), the flame was relocated towards the cathode. The largest variation in flame position was achieved just after the unstable regime. As the applied voltage was further increased (around 2 kV in both experiments and simulations), the flame was stabilized at 4 mm from the lower nozzle (cathode side) and levels off at higher voltages.
The prediction of the flame position is in good agreement with the experiment. The quantitative agreement in the sub-saturation regime is less satisfactory, most notably at the end of the unstable regime where a relative difference of 35% in comparison to the experimental data was observed. As demonstrated in previous studies [26, 27] , the amount of the electric current drawn from the flame before saturation depends strongly on the transport properties of charged species. Differences between simulations and experiments may thus be due to uncertainties in the prediction of transport coefficients of charged species. Recall that at saturation, the induced current depends only on the number of ions or electrons produced in the flame via chemi-ionization [36] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t was reached at ∆V = 0.9 kV. Note that model predictions for positive voltages cannot be evaluated because of the lack of experimental data. The current density behavior shown in Fig. 3 will be discussed in detail in the next sub-section. Figure 4 shows the simulation results of the temperature iso-contours for negative voltages. The flame position was represented by the stoichiometric mixture fraction surface, Z = Z st = 0.5, which is valid for low strain rate conditions under study. Note that the flame exists only in the center region (r < 1 cm), as the mixture is not flammable at larger r due to nitrogen dilution and air entrainment. It is seen that the flame shape is nearly flat, except for case (c) which corresponds to the condition near the unstable regime. For all other conditions, the overall shape of the flame and the temperature field are unchanged by the application of the electric field, but they are only shifted toward the lower or upper plane depending on the polarity and intensity of the applied voltage. These observations are consistent with experimental findings [19] .
The above results demonstrate that the simulations properly capture the essential physical processes of the electric field effects on the flames.
Current densities
The extent to which an electric field modifies a flame is limited by the saturation current that may be drawn from a flame [2, 27, 36] . Therefore, an accurate prediction of currents is crucial in simulating the response of flames to electric fields adequately.
The current density consists of the contributions from the convective, diffusive and drift fluxes summed over all the charged species:
As the fluxes of charged species in the radial direction are insignificant near the centerline, the following relation is obtained as a result of charge conservation by summing up the mass fraction transport equations (Eq. 4) over N species:
where x denotes the axial direction (see Fig. 1 ) and N A is the Avogadro number. The net current density drawn from the flame is thus considered nearly uniform in the axial A c c e p t e d M a n u s c r i p t direction for a given applied voltage [26, 27] . Current densities obtained from the present numerical simulations for negative bias voltages are compared to experimental values in Fig. 5 . The simulations qualitatively reproduce the evolution of the electric current with the applied electric potential. Prior to the unstable regime, the evolution of the current as a function of the applied potential is approximately quadratic with respect to the bias voltage. This behavior is consistent with the previous theoretical study in Ref. [27] . The peak current density was obtained just after the unstable regime, where the largest change in flame position was also observed. When the voltage is increased further, a saturation condition was reached, i.e. a voltage increase above a certain value has practically no effect on the current density.
Note that the quantitative differences between measured and simulated saturation currents are relatively large (up to 40 %), compared to those for the flame axial locations (see Fig. 2) . Experimentally, the current density was computed by the measured current divided by the projected flame surface area (based on the flame luminosity) onto the horizontal plane [19] . As such, significant uncertainties are expected in the experimental determination of the current densities. Nevertheless, the general trend is properly reproduced by the numerical model.
The maximum current density that can be drawn from the flame is determined by the production rate of charged species, estimated by [2, 26, 27] :
whereω i p is the molar ion production rate. The maximum current density is therefore a function of the reaction of the neutral species participating in the ion production process (CH 3 , OH and O in our case; see the Supplementary Material.). As the concentrations of these neutral species change with the applied voltage as a result of the hydrodynamic Figure 5 . Current densities as a function of the negative bias voltages from numerical prediction and experimental measurements [19] . The maximum current density that can be drawn from the flame (Eq. 10) is shown also. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t conditions experienced by the displaced flames, the maximum current also varies with the applied voltage as shown in Fig. 5 (blue line with plus symbols) . In other words, due to modifications to the velocity field, which induces modifications to the spatial distributions of temperature and reactive species, the rate of chemi-ionization changes as well.
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As shown in Fig. 5 , the gap between the current drawn from the flame and the saturation current decreases with increasing the voltage. As the current reaches saturation, the flame characteristics do not respond to further increases in the bias voltage. The flame behavior is influenced by increasing voltage as long as the induced current is lower than the rate of formation of charged particles.
Results of the current density variation for positive voltages was shown in Fig. 3 , in which the behavior is consistent with a typical monotonic curve observed in previous studies [2, 26, 27, 36] . For voltages above 0.9 kV, the flame position remains constant while the current density continue to rise slightly until around ∆V 0 = 2 kV when the saturation condition is reached. The small level of the current density increase did not have a noticeable effect on the velocity field to modify the flame location.
Effects on the flame structure
To understand more details of the flame behavior in the presence of the electric field, the spatial distributions of charges, electric potential, and axial electric force along the centerline (r = 0) are analyzed for three negative voltages (−1.05, −1.14 and −2 kV) and two positive voltages (2 and 0.85 kV). The first negative voltage (−1.05 kV) corresponds to the situation where the flame was repositioned towards the anode before the unstable regime. The second case (−1.14 kV) corresponds to the end of the unstable regime, where a maximum move of the flame towards the cathode was observed. The third and forth cases (−2 and 2 kV) represent a flame in the saturated regime with negative and positive voltages, respectively. Finally, the fifth case (0.85 kV) corresponds to a flame in the sub-saturated regime with a positive polarity.
Distribution of charges
The distributions of positive ions, electrons and negative ions along the centerline (r = 0) are shown in Fig. 6 . At the baseline case without an external voltage, the self-sustained electric field of the flame slows down the diffusion of the electrons and accelerates that of ions, resulting in a charge neutrality and a zero net current. This process is referred to as ambipolar diffusion. When an electric field is applied, charged species are driven by the local gradient of the electric potential; the positive charges are transported from the reaction zone towards the cathode and negative charges move in the opposite direction towards the anode.
As shown in Figs 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 6(e) show that, as the applied potential difference increases, electrons are removed from the reaction zone and their concentration becomes insignificant. This is due to the high drift flux of electrons caused by their high mobility. The distribution of total number density of negative ions displayed in Fig. 6(f) shows that the overall concentrations of negative ions are negligible when a positive voltage is imposed. However, negative ions are dominant in the space between the flame and anode when a negative voltage is applied (see Fig. 6(c) ). In this case, the anode is positioned at the oxidizer side where oxygen molecules abound, so that electrons moved from the reaction zone to the anode are attached to oxygen via three-body reactions to form O 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t The distribution of charged species described above leads to the electric potential distribution shown in Fig. 8 . At sub-saturation regimes (∆V 0 = −1.05 kV, ∆V 0 = −1.14 and ∆V 0 = 0.85 kV), the distribution of the electric potential shows three zones: a central plateau region around the flame where electric potential is nearly constant due to charge neutrality, and two regions near the cathode and anode, respectively, where the potential gradients develop. Above the saturation condition (∆V 0 = −2 and 2 kV), the plateau region disappears and the electric potential varies monotonically between the electrodes. These results are consistent with previous observations in burner-stabilized flames [27, 57, 58] .
Note that the radial component of the electric field is negligible around the central region of the flame where the flame surface is flat, resulting in the electric force 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t perpendicular to the flame surface. Further away in the radial direction, however, once the flame surface becomes curved, a significant level of the radial component of the electric force may develop, resulting in further bending of the flame towards the cathode as shown in Fig. 4 . Figure 9 shows the distribution of the axial electro-hydrodynamic force along the centerline for various voltages. It is evident that the electro-hydrodynamic force is negligible around the flame regardless of the magnitude of imposed voltages, reflecting the charge neutrality in this region. As the electric potential gradient develops between the flame and electrodes, an axial electro-hydrodynamic force is induced. For a given local electric field, the force acts in the same direction with the electric field for positive charges and in the opposite direction for negative charges. With the negative voltages imposed at the fuel side (cathode), the electric force in the space between the flame and cathode is opposed to the fuel stream because of the abundance of positive ions (see Fig. 6(a) ). As negative ions dominate the charge density near the anode for negative voltages (see Fig. 6(c) ), the electric force between the flame and anode points in the direction opposite to that of the velocity in the oxidizer stream. For the positive polarity condition, however, the magnitude of the electro-hydrodynamic force between the flame and anode is negligible, since the densities of negative charges are extremely low in this region as negative ions are hardly formed due to the absence of O 2 . As a result, the electro-hydrodynamic force is directed towards the cathode all the way. This explains the asymmetric behavior of the flame under two polarities of voltage, as observed in Figs. 2 and 3 .
Electro-hydrodynamic force
The new position of the flame is the result of the fluid-dynamic response to the electric forces, namely the ionic wind, induced in both upward and downward directions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Considering that the gas flow velocity and species molecular diffusion are small compared to the drift velocities v d,k = µ k E, the total force F acting on the neutral molecules (see Eq. 5) is approximated from charged particle current densities and mobilities as:
which can be written as:
where subscripts +, e, and − denote positive ions, electrons and negative ions, respectively. Therefore, the electric force acting on a charged species is proportional to the species' current density and inversely proportional to the species' mobility. With ∆V 0 = −1.05 kV, the electric force opposed to the oxidizer stream is more significant than the one opposed to the fuel stream (towards the cathode) in the other side of the flame, which may explain the flame displacement towards the anode. The current density of negative ions is mainly controlled by the rate of formation of O + . Note that the mobility is inversely proportional to the molar mass of the species regardless of the location in the flame [30] . With ∆V 0 = −2 kV, the electro-hydrodynamic force pointing towards the cathode is much larger than towards the anode, resulting in a flame relocation towards the cathode. The behavior is opposite for ∆V 0 = −1.05 kV case. By increasing the voltage, the current densities of positive ions and electrons increase, while the current density of negative ions decreases due to the considerable reduction of the number of electrons. As a result, the electric force becomes more significant in the direction of positive ions: Figure 9 may explain the unstable regime behavior (mentioned earlier in subsection 4.1) observed over a short interval of negative voltages in both experiments and simulations, where the flame does not reach a steady position (see movie in the Supplementary Material). Such a transient response can be explained by the lack of a balance between the flow momentum and the electric forces induced in both upward and downward directions. In this regime, the force controlling the direction of the flame movement change periodically due to modifications to the spatial distributions of temperature and reactive species caused by the flame movement, resulting in horizontal and vertical fluctuations of the flame. With positive voltages, the unstable regime was not observed since the force is always unidirectional such that the flame is pushed towards the cathode until a new momentum balance is reached. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Figure 10 shows the streamlines obtained without an applied voltage and with a potential difference of −3 kV. Without the electric field, a typical counterflow field with a stagnation plane at the center was obtained. The application of a voltage of −3 kV pushes the stagnation plane towards the electrode. The axial location of the stagnation plane in the reaction zone is correlated with that of the stoichiometric line (Z = Z st = 0.5). Similar behavior was found for other positive and negative voltages (not shown). Profiles of the axial velocity along the centerline (r = 0) before and after the application of negative bias voltages are compared in Fig. 11 . The general shape of the velocity profile is unchanged by the application of the electric field, but the flow field is shifted towards the cathode or the anode for a sufficiently high voltage. The same can be said for positive voltages (not shown). In summary, the electrohydrodynamic force reduces the local flow velocity in the region ahead of the reaction zone, and consequently the stagnation plane is adjusted to the new location, in the direction that can be identified from the electro-hydrodynamic force field shown in Fig. 9 . As such, the stoichiometric mixture fraction location, which is an accurate measure of the nonpremixed flame position, also follows the behavior of the stagnation plane. Similar trends have also been reported in Ref. [59] , where the displacement of a counterflow nonpremixed flame under AC electric field was found to be comparable with the displacement of the stagnation plane. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 
Dynamics of the flow
Conclusions
A computational model to describe the electric field effect on methane/air flames was developed and two-dimensional numerical simulations for counterflow nonpremixed flames under DC bias voltages were undertaken. The main objective was to reproduce the flame behavior that is attributed to the electro-hydrodynamic effect, also known as the ionic wind effect, as observed in a recent experimental study. Incompressible fluid dynamic solver based on OpenFOAM was combined with a skeletal chemical kinetic mechanism and transport property evaluations developed previously by the authors' group. The simulation reasonably reproduced the response of the flame position and current density to negative DC bias voltages at different intensity. Most notably, the simulation predicted the unstable regime at the voltage of −1.1 kV, in good agreement with the experimental observation. Furthermore, the measured behavior of non-monotonic variation in the current density was also predicted with good qualitative agreement. The model provided good prediction of the flame position before the unstable regime and at saturation, but it showed important differences at the end of the unstable regime. Differences between simulations and experiments in the sub-saturation regime may be due to uncertainties in the prediction of transport coefficients of charged species.
The simulation further extended the parametric conditions at positive voltages, and the current-voltage behavior was found to be consistent with previous experimental results. The flame response to the electric field with positive and negative voltages exhibited qualitatively different behaviors. In the negative polarity, a non-monotonic variation of the current with the voltage was observed along with the existence of an unstable regime at an intermediate voltage level. With positive polarity, a typical monotonic current-voltage curve was obtained. This difference was attributed to the asymmetry in the distribution of the positive and negative charged species resulting 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t from ionization processes. Detailed examination of the spatial distributions of the charged species and electric field properties provided explanations of the observed and predicted anomaly such as the unstable regime and non-monotonic current-voltage characteristics in negative polarity. This behavior is attributed to a competition between two electric forces induced in both upward and downward directions. Further extensive studies are needed to understand the detailed mechanism of the instabilities caused by the electric field, as also observed in other experimental studies [56, 60] . Finally, the response of flow field to the applied electric field showed that the shift in the flame position was primarily attributed to the shift in the stagnation plane due to the electro-hydrodynamic forces.
The present study demonstrated that the employed models for the ion chemistry, transport, and fluid dynamics were able to describe the key processes responsible for the flame-electric field interaction. For quantitative prediction of the observed experimental behavior, accurate description of positive ions, negative ions, and electrons with distinct chemical and transport characteristics was found to be critical. Other detailed measurements obtained in different flame geometries [15, 56, 59 , 60] may also be explored to assess the fidelity of the present models. These will be considered in future work . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t AUTHOR SUBMITTED MANUSCRIPT -JPhysD-114080. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
